Histone deacetylase 3 (Hdac3) is an enzymatic component of transcriptional repression complexes recruited by the nuclear hormone receptors. Inactivation of Hdac3 in cancer cell lines triggered apoptosis, and removal of Hdac3 in the germ line of mice caused embryonic lethality. Therefore, we deleted Hdac3 in the postnatal mouse liver. These mice developed hepatomegaly, which was the result of hepatocyte hypertrophy, and these morphological changes coincided with significant imbalances between carbohydrate and lipid metabolism. Loss of Hdac3 triggered changes in gene expression consistent with inactivation of repression mediated by nuclear hormone receptors. Loss of Hdac3 also increased the levels of Pparc2, and treatment of these mice with a Pparc antagonist partially reversed the lipid accumulation in the liver. In addition, gene expression analysis identified mammalian target of rapamycin signalling as being activated after deletion of Hdac3, and inhibition by rapamycin affected the accumulation of neutral lipids in Hdac3-null livers. Thus, Hdac3 regulates metabolism through multiple signalling pathways in the liver, and deletion of Hdac3 disrupts normal metabolic homeostasis.
Introduction
Histone deacetylases (HDACs) are classified based on sequence similarity to yeast homologues. Class I HDACs are most similar to yeast Rpd3 and are ubiquitously expressed in many tissues. These enzymes localize primarily to the nucleus and include HDAC 1, 2, 3, and 8. Class II HDACs, which include HDACs 4-7 and 9-11, are related to yeast Hda1 and are expressed in a more tissue-specific manner (de Ruijter et al, 2003) . Although the putative catalytic domain of class II HDACs is highly homologous to that of class I enzymes, the vertebrate class IIa HDACs (4, 5, 7, and 9) have little intrinsic enzymatic activity, but associate with HDAC3 (Fischle et al, 2002; Gallinari et al, 2007; Lahm et al, 2007) . Sirtuins (Sir) are a third class of HDACs, homologous to the yeast Sir2 enzyme, and differ from the first two classes of HDACs in their requirement for NAD þ for both deacetylase and ADP-ribosylation activities (Gartenberg, 2000; Imai et al, 2000) .
Gene deletion studies have begun to define the individual physiological roles of class I HDACs. Targeted deletion of Hdac1 in mice led to embryonic lethality by E10.5, due to proliferation defects, and these defects were also found in cultured embryonic stem cells (Lagger et al, 2002; Zupkovitz et al, 2006) . Inactivation of Hdac2 in mice resulted in a low percentage of lethality during embryogenesis, but almost half of Hdac2-null pups died within a month after birth due to a defect in heart development. Hdac2-null mice that survived to a later age had an apparent proliferation defect in the heart tissue and failed to respond normally to hypertrophic induction (Trivedi et al, 2007) . These genetic models demonstrate the importance of understanding the function of individual HDACs, as well as the tissue-specific requirements for each enzyme.
HDAC3 is an enzymatic component of the nuclear receptor co-repressor complexes that contain N-CoR (nuclear hormone co-repressor) and SMRT (silencing mediator for retinoid and thyroid receptors), which are recruited by nuclear hormone receptors to regulate transcription in the absence of hormone (Li et al, 2000; Guenther et al, 2001; Yoon et al, 2003) . Thus, HDAC3 may be required for the normal physiological action of many nuclear hormone receptors and is the critical catalytic component when nuclear hormone receptor functions are disrupted in cancer. For example, the retinoic acid receptor is disrupted by the t(15;17) in acute promyelocytic leukaemia (Alcalay et al, 1991) and the action of HDAC3 may be required for leukaemogenesis (Grignani et al, 1998; Guidez et al, 1998; He et al, 1998; Lin et al, 1998) . Similarly, other leukaemia-related factors such as the t(12;21) and t(8;21) fusion proteins recruit HDAC3, suggesting that this enzyme might be a key therapeutic target in paediatric B-cell acute lymphocytic leukaemia and acute myeloid leukaemia (Chakrabarti and Nucifora, 1999; Fenrick et al, 1999 Fenrick et al, , 2000 Guidez et al, 2000; Amann et al, 2001; Wang and Hiebert, 2001) . Indeed, both natural and synthetic histone deacetylase inhibitors (HDIs) are being tested clinically as anticancer agents for the treatment of leukaemia and a variety of solid tumours (Santini et al, 2007) .
Disruption of HDAC3 function in cell lines, by either gene deletion or RNAi in tumour cell lines, suggested that HDAC3 was required for maintaining cell viability (Takami and Nakayama, 2000; Glaser et al, 2003; Li et al, 2006) . By contrast, primary cells treated with HDIs arrested cell cycle progression, but were more resistant to apoptosis (Papeleu et al, 2003) . Germline deletion of Hdac3 triggered early embryonic lethality (Bhaskara et al, 2008) ; therefore, we genetically engineered mice to conditionally delete Hdac3 in the liver using transgenic mice expressing the interferoninducible Mx1-Cre recombinase (Mx1-Cre) or the liver-specific albumin-Cre recombinase (Alb-Cre). Although there was no dramatic increase in either apoptosis or proliferation due to the initial loss of Hdac3, the liver became enlarged over time, which appeared to be due to hepatocyte hypertrophy. In addition, genes that regulate lipid and cholesterol biosynthesis were de-repressed, which in turn resulted in a dramatic increase in both liver and serum levels of triglycerides and cholesterol. Many of these genes are controlled by nuclear hormone receptors, such as peroxisome proliferator-activated receptor gamma (PPARg) and thyroid hormone receptor (THR), which utilize N-CoR or SMRT and Hdac3 to repress transcription. Multiple signalling pathways contribute to the abnormal metabolic phenotype, as demonstrated by inhibition of Pparg or mammalian target of rapamycin (mTOR) in vivo. Thus, Hdac3 is required for regulating liver metabolic homeostasis.
Results

Liver-specific deletion of Hdac3 results in organ hypertrophy
Deletion of Hdac3 in the germ line caused early embryonic lethality (Bhaskara et al, 2008) . Therefore, to understand the physiological role of Hdac3 in adult tissue homeostasis, we conditionally deleted Hdac3 using Cre recombinase-expressing transgenic mice and a 'floxed' allele of Hdac3 (Supplementary Figure S1) . Initially, Hdac3 heterozygous ( þ /À) and floxed (fl/ þ ) mice were crossbred with transgenic Mx1-Cre mice. To generate tissue-specific heterozygous (Mx1-Cre; Hdac3 fl/ þ , hereafter referred to as Mx:Hdac3 fl/ þ ) or null (Mx1-Cre; Hdac3 fl/À , hereafter referred to as Mx:Hdac3 fl/À ) mice, Mx1-Cre expression was stimulated by injecting synthetic double-stranded RNA (polyinosinic-polycytidylic acid (pIpC)) to induce interferon (Kuhn et al, 1995) . Two days after the final injection of pIpC, RNA was extracted from the liver tissue of Mx:Hdac3 fl/À mice and analysed by RT-PCR to confirm inactivation of Hdac3 ( Figure 1A ). Nuclear lysates from liver samples demonstrated a dramatic decrease in Hdac3 levels in Mx:Hdac3 fl/À mice ( Figure 1B ). Two weeks after the final pIpC injection, an increase in liver size and weight of up to two-fold was noted in Mx:Hdac fl/À mice ( Figure 1C ). Histological analysis of Mx:Hdac3 fl/À livers revealed little change within 2 days of the last injection, but there was a gradual increase in a mosaic pattern of hypertrophic hepatocytes with grainy cytoplasm, which peaked within 2 weeks of the last pIpC injection ( Figure 1C) .
To ) offspring. Alb-Cre is expressed in parenchymal liver cells, resulting in roughly 40% recombination in hepatocytes at birth and almost complete recombination by 2 weeks after birth (Postic et al, 1999) . Although Hdac3 is required for cell viability in vitro, Alb:Hdac3 fl/À mice were viable, even with observable decreases in Hdac3 mRNA and protein levels occurring as early as postnatal day 4 (P4; data not shown). Recombination was confirmed by PCR to detect the floxed and null alleles (data not shown). Western blot analysis indicated that Hdac3 levels were dramatically decreased 10 days after birth and were undetectable by P17 in Alb:Hdac3 fl/À mice ( Figure 2A ). Western blot and RT-PCR Figure 1 Inducible deletion of Hdac3 using Mx1-Cre. (A) RT-PCR was used to detect Hdac3 mRNA levels in whole-liver extracts and (B) western blot analysis detected Hdac3 protein in whole-cell lysates of livers from mice of the indicated genotypes 2 days after the final injection of pIpC. (C) Gross morphology (left-hand panels) of control and Hdac3-null livers at 2 days and 3 weeks after pIpC injection.
The right-hand panels show H&E-stained sections ( Â 400) from the livers shown in the left-hand panels. analysis also indicated that the levels of Hdac1 or Hdac2 were not upregulated to compensate for the loss of Hdac3 in Alb:Hdac3 fl/À livers (data not shown). At P17 the livers appeared normal, but by P28 the livers were pale and hypertrophic, and this trend continued into adulthood. Although the pups were weaned at P21, it is unlikely that the altered morphology was due to the weaning transition, as similar changes were observed in the Mx1-Cre model ( Figure 1C ). The ratio of liver weight to body weight increased from roughly 5% in the heterozygous mice to 25-30% in Alb:Hdac3 fl/À mice ( Figure 2B ), and immunohistochemical staining demonstrated complete loss of Hdac3 in hepatocytes ( Figure 2C , upper panels). Haematoxylin and eosin (H&E)-stained liver sections indicated that, similar to the Mx1-Cre model (Figure 1) , Alb:Hdac3 fl/À livers contained hepatocytes with abnormal cytoplasm starting at P17, and later became hypertrophic ( Figure 2C , lower panels).
Deletion of Hdac3 leads to increased hepatocellular damage
The increase in hepatocyte size correlated with the increased organ size, suggesting that altered cell size rather than increased cell number was the basis of the hepatomegaly. To test this model, we examined cell death and proliferation in Alb:Hdac3 fl/À mice. At P17, there was no significant increase in the number of proliferating cells, as measured by Ki67 immunohistochemistry (Supplementary Figure S2A) or BrdU incorporation (Supplementary Figure S2B) . At 6-8 weeks after birth when the number of cycling cells in the livers of control mice had decreased to B1%, Hdac3-null livers retained increased numbers of BrdU-positive hepatocytes (Supplementary Figure S2B) . To assess the amount of cellular death and damage occurring at P17, we used TUNEL to detect apoptosis and serum alanine transaminase (ALT) levels to detect hepatotoxicity. The numbers of TUNEL-positive cells were uniformly low and no increase was detected in the P17 (Supplementary Figure S2C) or P28 (data not shown) Hdac3-null livers. By contrast, ALT levels were already elevated at P17 and remained high over time (Supplementary Figure S2D) , which indicated cellular damage. This may suggest that the increase in cycling cells detected at P28 in Hdac3-null livers was a response to cellular damage.
Loss of Hdac3 disrupts metabolic homeostasis
By 4-6 weeks of age, Alb:Hdac3 fl/À mice were smaller than their littermates and this general growth defect was maintained into adulthood, suggesting a possible defect in metabolism ( Figure 3A) . By 6-8 weeks of age, Alb:Hdac3 fl/À mice were visibly leaner, and their visceral adipose tissue was substantially reduced ( Figure 3B ). Histological analysis of liver sections for glycogen storage using periodic acid Schiff (PAS) demonstrated a dramatic depletion of glycogen in both Alb:Hdac3 fl/À and Mx:Hdac3 fl/À hepatocytes compared to heterozygous littermates of the same age ( Figure 3C ). By contrast, when liver sections from these mice were stained for neutral lipids using Oil Red O, there was a significant increase in the amount of lipid in both Alb:Hdac3 fl/À and Mx:Hdac3 fl/À mice compared to control livers ( Figure 3D ), demonstrating an imbalance between carbohydrate and lipid metabolism. Metabolism was further examined by quantifying the levels of triglycerides, cholesterol, free fatty acids, HDL, and LDL in both the liver and the serum of Alb:Hdac3 fl/À mice by mass spectrometry. By P17, the levels of triglycerides in Alb:Hdac3 fl/À liver samples were dramatically increased (up to 17-fold) compared to controls, and remained continuously high as the mice aged (Table I) . Total tissue cholesterol gradually increased in Hdac3-null livers, accumulating to levels two-fold higher than in control mice, including unesterified cholesterol (data not shown) and cholesterol esters (Table I) . Likewise, there was a very significant increase in serum triglycerides, total serum cholesterol, and LDL in Alb:Hdac3 fl/À mice as they aged (Table II) . Thus, the export of lipids and cholesterol from the liver was not inhibited due to the loss of Hdac3, and the synthesis of lipids and The graph depicts the ratio of liver weight to gross animal weight between 17 and 56 days of age (P17, P ¼ 0.0001; P28, P ¼ 0.0001; P42, P ¼ 0.0013; P56, P ¼ 0.0001). Statistics were generated using the Student's t-test. (C) Immunohistochemistry for Hdac3 in P28 liver tissue ( Â 200) is shown in the upper panels, and histological analysis using H&E-stained sections ( Â 400) of Hdac3-null livers isolated from mice of the indicated ages is shown in the lower panels. Littermate controls are depicted in the left-hand panels. cholesterol in the liver was increased, leading to their accumulation in the tissue and serum.
Because of the increase in serum triglycerides and LDL starting in mice only 17 days old, we investigated the effects these increases would have on the levels of glucose and its regulatory hormones. In P17 animals, we found similar levels of glucose and insulin in the serum of control and Alb:Hdac3 fl/À mice, and slightly lower glucagon levels in Hdac3 liver-specific knockout mice. However, by P28, glucose levels had decreased in Alb:Hdac3 fl/À mice and, by 6 weeks of age, the mice were hypoglycaemic with only half of the normal serum glucose levels. The hypoglycaemia was accompanied by dramatically lower levels of insulin beginning at P28 that persisted as Alb:Hdac3 fl/À mice aged. Glucagon levels increased by almost two-fold in the P28 Alb:Hdac3 fl/À animals, but returned to levels similar to control animals by 6 weeks of age, even though the glucose and insulin levels were still significantly lower than normal levels ( Figure 4A ).
The hypoglycaemia and the low insulin levels suggested that Alb:Hdac3 fl/À mice were hypersensitive to insulin. Therefore, we performed a glucose tolerance test on both control and Alb:Hdac3 fl/À mice. In 10-week-old animals, the fasting glucose levels in Hdac3 liver-specific null mice were almost two-fold lower than that in littermate control mice ( Figure 4B , 0 min time point). Twenty minutes after the injection of glucose, the levels of glucose peaked in a similar fashion in both control and Alb:Hdac3 fl/À animals, and returned to near-basal levels within 2 h, with a subtly quicker response in Alb:Hdac3 fl/À mice ( Figure 4B ). Thus, despite hypoglycaemia and the high levels of triglycerides and cholesterol in Alb:Hdac3 fl/À mice, these animals responded normally to an insulin-dependent glucose challenge.
Lipid and cholesterol biosynthesis regulatory genes are de-repressed after inactivation of Hdac3
A major function of HDACs is the regulation of transcription through deacetylation of histones and non-histone proteins. Therefore, to define the mechanism by which inactivation of Hdac3 affected liver function, we compared gene expression in the livers of Alb:Hdac3 þ / þ , Alb:Hdac3 fl/ þ , and Alb:Hdac3 fl/À mice. At P17, Hdac3-null livers showed only modest alterations in gross organ morphology, and the liver was no longer populated by Hdac3-expressing haematopoietic progenitor cells, whereas P28 mice displayed more morphological changes. Thus, we used cDNA microarray analysis at these two time points to address primary and secondary changes in gene expression patterns. At P17, the major classes of de-regulated genes were involved in metabolism including lipid, fatty acid, steroid, and carbohydrate production, metabolic transport, and cytochromes P450 (Table III) . Q-RT-PCR of alternate mRNA samples showed excellent correspondence between the changes observed in the microarray assays and manual validation (Supplementary Figure S4) . A large number of these genes are regulated by nuclear hormone receptors, such as PPARs, THR, liver X receptor, and retinoid X receptor. Of significance, a number of key rate-limiting enzymes that control metabolic functions were upregulated. For example, acetyl CoA carboxylase (Acacb) regulates the amount of fatty acids in the cell (Widmer et al, 1996) , and its expression was increased B21-fold. Squalene epoxidase (Sqle, B173-fold increase) regulates one of the final catalytic reactions of cholesterol biosynthesis (Xu et al, 2005; Clapham and Arch, 2007) . The final step in the synthesis of cholesterol is catalysed by sterol 14 a-demethylase (Debeljak et al, 2003) (also known as Cyp51), and the mRNA levels for Cyp51 were B22-fold higher in Hdac3-null livers (Table III) . Thus, Hdac3 is required for the regulation of genes that control key steps in lipid and cholesterol biosynthesis early in the postnatal liver.
Although the majority of genes that were upregulated at P17 are related to metabolism, a number of transcription factors, including nuclear hormone receptor gene targets, and cell signalling regulatory molecules were also de-regulated (Table III) . In addition, genes that contribute to the PI3K/Akt and MAP/ERK pathways, which are linked to cellular stress and cell size regulation, increased from P17 to P28. Genes encoding structural proteins, such as actin and keratin, became increasingly upregulated at p28 (Table III) , which correlated with increased cell size, and these changes in gene expression were more likely due to the necessary compensation of the cell to support its abnormal growth than due to transcriptional control by Hdac3. Thus, the microarray data demonstrate that Hdac3 is not only a key regulator of metabolism in the liver, but may also be required for cross-talk between multiple pathways, which leads to complex secondary changes in hepatocellular gene expression over time.
Hdac3 inactivation affects histone acetylation
To further probe the primary molecular mechanism underlying the altered liver function in Alb:Hdac3 fl/À mice, we examined global histone acetylation in vivo by western blot analysis. At 17 days after birth when there is complete depletion of Hdac3 and dramatic changes in gene expression profiles, we found modest increases in the acetylation of histone H4K5, H4K8, and H4K12, but variable changes in H3K9 ( Figure 5A ). Similar results were found using chromatin immunoprecipitation (ChIP) of promoter regions of genes upregulated in the microarray analysis ( Figure 5B ). Although some N-terminal histone residues have been identified as preferential substrates for Hdac3 (Hartman et al, 2005) , the promoter regions of de-repressed genes, such as Sqle and Acacb, had a general increase in acetylated histone residues. There was also increased acetylation in the coding region of Cyp51 (exon 5) and at the promoter of N-CoR, which was not transcriptionally activated in the absence of Hdac3 ( Figure 5B ). General increases in acetylation at both the global level and at specific genomic regions suggest that altered histone acetylation contributes to the changes in gene expression in Hdac3-null livers, although hyperacetylation of other proteins may also be a contributing factor.
Loss of Hdac3 increases Pparc expression and activity in hepatocytes
Gene expression analysis identified multiple transcriptional networks that were disrupted at both the P17 and P28 time points and are regulated by nuclear hormone receptors that recruit Hdac3. At P17, one of these networks was centered around Pparg, which is not the predominant Ppar family member normally expressed in the liver (Zhu et al, 1993) . By P28, an even greater number of Pparg targets were upregulated, as part of a larger network regulated by nuclear hormone receptors (Supplementary Figure 3) . Pparg is a key regulator of metabolic homeostasis, specifically in adipocytes, and this hormone receptor recruits the Hdac3/N-CoR repression complex (Fajas et al, 2002; Guan et al, 2005) . Although not normally highly expressed in the liver, the transcript level of Pparg, but not Ppara or Pparb, was increased by B3-fold, and Pparg protein levels were also increased in Alb:Hdac3 fl/À mice ( Figure 6A ). In addition, Pparg was upregulated four-fold in Mx:Hdac3 fl/À mice up to 2 weeks after the last injection of pIpC (data not shown). Pparg exists in two isoforms (Pparg1 and Pparg2), which differ in their N-termini (Zhu et al, 1993) and have differential functions and activities (Werman et al, 1997; Ren et al, 2002) . Using oligonucleotide primers specific to Pparg1 and Pparg2 for Q-RT-PCR, we found that Pparg2 expression was specifically induced as early as P10 in Alb:Hdac3 fl/À livers ( Figure 6B ), which coincided with increased levels of Ppargregulated genes, such as Cd36 (Table III) .
To determine the level of contribution of Pparg to the Hdac3-null liver phenotype, the Pparg inhibitor GW9662 was injected into a cohort of mice daily for 4 weeks. Pparg inhibition correlated with reduced expression of Cd36 and Pdk4 ( Figure 6C ). Hepatocyte structure was not affected by inhibition of Pparg, but Oil Red O staining detected a decrease in lipid accumulation in Alb:Hdac3 fl/À mice treated with GW9662 ( Figure 6D , lower right-hand panels). Thus, inhibition of Pparg partially reversed lipid accumulation in Hdac3-null livers, indicating that Pparg contributes to the increase in lipids upon inactivation of Hdac3.
Inhibition of mTOR affects lipid levels in Alb:Hdac3
fl/À mice Activation of the PI3K/Akt pathway is involved in cellular homeostasis and metabolic control (Fingar and Blenis, 2004; Hay and Sonenberg, 2004) , and increased levels of palmitate activated mTOR, a downstream target of Akt signalling, in primary hepatocytes (Mordier and Iynedjian, 2007) . Mass spectrometry analysis uncovered a marked increase in palmitate levels in Hdac3-null liver tissue at P17, which remained high through P56 ( Figure 7A ). This increase was accompanied by increased phosphorylation of ribosomal S6 kinase (S6K), an mTOR substrate ( Figure 7B ). Therefore, we injected 3-week-old mice with rapamycin, a well-characterized inhibitor of mTOR, daily for 3 weeks. This regimen inhibited mTOR function in vivo, as evidenced by the lack of S6K phosphorylation in Alb:Hdac3 fl/À mice ( Figure 7C ). The expression levels of transcripts that are regulated by mTOR signalling, such as Acacb (Brown et al, 2007) and Glut4 (Hernandez et al, 2001 ), were also downregulated by 2.5-and 8-fold, respectively ( Figure 7D ). Inhibition of mTOR stunted the growth of both control and Hdac3-null mice, but it did not dramatically affect the liver hypertrophy, as rapamycin-treated Alb:Hdac3 fl/À mice had comparable liver weight/body weight ratios as vehicle-treated Alb:Hdac3 fl/À mice ( Figure 7E ). However, treatment with rapamycin decreased the accumulation of neutral lipid in Alb:Hdac3 fl/À mice ( Figure 7F ). Thus, in addition to inactivation of nuclear hormone receptor-mediated transcriptional repression, mTOR activation contributes to the phenotypes observed in Hdac3-null livers.
Discussion
The genetic analysis of Hdac3 in postnatal mice, using two separate mouse models of Cre recombinase, indicates that it is an important regulatory component of molecular complexes that control gene expression, which in turn controls metabolic functions in the liver. Loss of Hdac3 disrupted liver fl/À mice are hypoglycaemic and are insulin sensitive. (A) Graphical representation of whole-blood measurements of glucose (P17, P ¼ 0.065; P28, P ¼ 0.0001; P42, P ¼ 0.0002; P56, P ¼ 0.0006) and the serum levels of insulin (P17, P ¼ 0.63; P28, P ¼ 0.02; P42, P ¼ 0.0001; P56, P ¼ 0.0001) and glucagon (P17, P ¼ 0.062; P28, P ¼ 0.021; P42, P ¼ 0.9; P56, P ¼ 0.66) at the indicated time points in Alb:Hdac3 mice. (B) The glucose tolerance test was performed in 10-week-old Alb:Hdac3 mice, which were fasted for 6 h before a dose of 1.5 mg/g glucose. Glucose levels were measured at the indicated time points over a 2-h period. (0 0 , P ¼ 0.0012; 20 0 , P ¼ 0.54; 40 0 , P ¼ 0.78; 60 0 , P ¼ 0.054; 80 0 , P ¼ 0.14; 100 0 , P ¼ 0.013; 120 0 , P ¼ 0.0082). Statistics were generated using the Student's t-test. cholesterol and lipid homeostasis by de-repressing genes that regulate lipid and steroid metabolism, allowing the accumulation of lipids at the expense of glycogen storage. Although HDACs have many non-histone protein targets for deacetylation (Juan et al, 2000; Luo et al, 2000; Ashburner et al, 2001; Hubbert et al, 2002; Shimazu et al, 2006; Gregoire et al, 2007) , the disruption of liver metabolism was evident at the level of transcription and was accompanied by increases in histone acetylation. The regulation of many of these genes can be directly traced to nuclear hormone receptors such as the THR and Pparg that recruit Hdac3.
Pparg is the hub of a large gene network that is derepressed upon deletion of Hdac3. The Pparg2 isoform was specifically upregulated in Hdac3-null livers, potentially through nuclear hormone receptor-mediated regulation (Tontonoz et al, 1994; Picard et al, 2004) . Enforced expression of Pparg2 in fibroblasts induced lipogenic gene transcription and activated a differentiation response towards adipocytes (Tontonoz et al, 1994) . In addition, liver-specific induction of Pparg2 in a mouse model of obesity triggered a lipogenic gene programme and hepatic steatosis that is reminiscent of inactivation of Hdac3 (Yu et al, 2003; Zhang  et al, 2006) . Moreover, Alb:Hdac3 fl/À mice had low levels of insulin and were hypoglycaemic, which is similar to the effects of administration of Pparg agonists (Lehmann et al, 1995) . Inhibition of Pparg with GW9662 decreased lipid accumulation by 20-50% in Hdac3-null livers, but it did not consistently affect blood glucose levels (data not shown). Thus, although aspects of the Hdac3-null liver phenotype are consistent with phenotypes induced by activation of Pparg, loss of Hdac3 disrupts additional metabolic cues that may be regulated by other nuclear hormone receptors or other signalling pathways (Table III) .
Alb:Hdac3 fl/À livers also contained increased levels of palmitate, which can lead to oxidative stress and trigger lipid-responsive signalling pathways (Mordier and Iynedjian, 2007) . Indeed, these pathways were activated as demonstrated by the expression of cellular stress-responsive genes (Table III ) and the phosphorylation of S6K (Figure 7) . Although constitutively active Akt induced hepatomegaly in mice (Ono et al, 2003; Haga et al, 2005) , rapamycin did not affect cell size in Hdac3-null livers (Figure 7) . Thus, lipid metabolism, but not hepatocyte hypertrophy, was at least partially dependent on the mTOR/raptor complex, which is sensitive to rapamycin (Loewith et al, 2002; Jacinto et al, 2004) .
The primary targets of HDIs in clinical trials are class I HDACs (Marks et al, 2001) . Alb:Hdac3 fl/À phenotypes have major implications for drugs targeting these enzymes. Liver function was dramatically disrupted when Hdac3 was constitutively removed (Alb-Cre mice), yet the mice survived and were leaner, albeit with high levels of cholesterol, high triglycerides, and low blood sugar. This indicates that HDIs may transiently affect liver metabolism. Most of these compounds have relatively short half-lives in vivo, which may be a major benefit, as liver function would only be partially impaired. In addition, the Mx1-Cre model indicated that any toxic side effects of disruption of Hdac3 function are likely reversible. That is, it appeared that 4-5 weeks after Cre induction, Hdac3 expression and liver morphology normalized (SK Knutson, unpublished data). Thus, even if complete inactivation of Hdac3 could be achieved by continual infusion of an HDI, by terminating therapy the liver would be expected to recover, and pulse therapy would be expected to be relatively safe. Nevertheless, in dire cases where HDI therapy may have a major impact on the survival of the patient, even continuous infusion may be tolerated for several weeks. However, the changes in Alb:Hdac3 fl/À livers are similar to the initiating events in non-alcoholic fatty liver disease, which include increases in lipid accumulation and cellular hypertrophy (reviewed by Sanyal, 2005) . Therefore, long-term treatment with this regimen may ultimately have severe side effects, similar to those observed in Alb:Hdac3 fl/À mice.
Materials and methods
Description of mice
Mice harbouring a conditional allele (fl) or a null allele (À) of Hdac3 were crossed to transgenic mice expressing Mx1-Cre (Kuhn et al, 1995) or Alb-Cre (Postic et al, 1999; Postic and Magnuson, 2000) . The offspring from these mice were then bred to yield mice with a conditional allele in conjunction with either a wild-type (fl/ þ ) or null allele (fl/À), and Cre. To induce Cre expression in Mx1-Cre-expressing mice, 5-week-old animals received an intraperitoneal (i.p.) injection of 500 mg pIpC in PBS every other day for 13 days, for a total of seven injections, with the last day of injection being denoted as day 0. Mice were killed at 1 day, 2 days, and 1, 2, 3, 4, and 5 weeks after the last injection. Three-week-old Alb:Hdac3 mice were used in both GW9662 (Cayman Chemicals) and rapamycin (LC Laboratories) studies. For GW9662 experiments, mice were injected with 2 mg/kg, daily for 4 weeks. For rapamycin experiments, mice were injected with 10 mg/kg, daily for 3 weeks.
Preparation of liver lysates and western blot analysis
Whole-cell lysates were made by homogenizing in PBS plus 0.5% Triton X-100, 0.1% DOC, and 0.1% SDS, sonicated and cleared by centrifugation. Lysates were subjected to 10 or 12% SDS-PAGE, transferred to a PVDF membrane (Millipore), blocked with 5% nonfat dry milk for 1 h, incubated with primary antibody at 41C and secondary antibody for 1-3 h at room temperature, and developed using SuperSignal West Pico reagents (Pierce).
Antibodies
The following antibodies were obtained from Upstate Cell Signaling: histone H3 (05-928), histone H4 (07-108), acetyl-histone H4 (Lys5) (07-327), acetyl-histone H4 (Lys8) (06-760), acetyl-histone H4 (Lys12) (06-761), acetyl-histone H4 (Lys16) (07-329), and acetylhistone H3 (Lys9) (06-942). The antibodies for Hdac3 (ab-32369-100 and ab3279), histone H4K5ac (ab51997), histone H4K12ac (ab1761), and GAPDH (clone 6C5, ab8245) were obtained from Abcam. The antibody for Pparg (sc-7196) was obtained from Santa Cruz. The p70 S6 Kinase (#2708) and phospho-p70 S6 Kinase (Thr398; #9206) antibodies were obtained from Cell Signaling Technology.
Histology and immunohistochemistry
The tissue was fixed in 4% paraformaldehyde at 41C, dehydrated, and embedded in paraffin. Sections (5 mm) were stained with H&E and PAS. Apoptotic cells were detected by TUNEL using the ApopTag Plus Kit (Chemicon International). Cycling cells were detected by injecting the mice i.p. with 100 mg/g BrdU in PBS 1 h before they were killed. BrdU was detected using anti-BrdU for immunohistochemistry and BrdU-positive cells were counted per 100 nuclei in control and Hdac3-null liver sections. Frozen sections were prepared by fixing the tissue in 4% paraformaldehyde at 41C for 2 h followed by 30% sucrose for 3-12 h. The tissue was then embedded in OCT, frozen on dry ice, and 10 mm sections were stained with Oil Red O and counterstained with haematoxylin.
DNA and RNA extraction, Q-RT-PCR, and microarray analysis
Genomic tail DNA was used for preliminary genotyping. Liver DNA was purified using the Qiagen DNeasy Tissue Kit. Liver RNA was extracted using the Versagene RNA Tissue Kit (Gentra Systems). cDNA was prepared from 2 to 3 mg RNA using random hexanucleotide primers (Applied Biosystems) and M-MLV Reverse Transcriptase (Promega). For Q-RT-PCR, cDNA was analysed using iQ SYBR Green Supermix (Bio-Rad). Primer sequences are available on request.
For the microarray analysis, RNA was prepared from individual whole livers, tested for RNA quality, and high-quality RNA from 10 control and 10 Hdac3-null livers was pooled to normalize for biological variability between animals before being hybridized to Applied Biosystems 1700 Mouse Expression Array System chips for analysis in the Vanderbilt Microarray Shared Resource. Biological replicates of pools were performed to further normalize for biological variability and a total of at least three arrays were performed for each genotype and each time point. The data were analysed using GeneSpring (Agilent Technologies) and genes whose expression changed at least two-fold using a t-test were included in the data sets. Ingenuity Pathway Analysis software (Ingenuity Systems, Mountain View, CA) and Panther Classification System software were used to group the regulated genes into ontology groups (Thomas et al, 2003; Mi et al, 2007) .
Chromatin immunoprecipitation
The ChIP assay was performed following the standard protocol of the Chromatin Immunoprecipitation Assay Kit from Upstate Cell Signaling, with slight modifications using minced tissue for formaldehyde crosslinking. DNA was purified using the Qiagen PCR Purification Kit. Primers designed to the designated promoter sequences were used for quantification of histone acetylation using Q-PCR, with histone H3 and input sonicated DNA as reference controls.
Metabolic analysis
Serum levels of ALT were measured using the ALT Reagent Colorimetric Endpoint Method (Teco Diagnostics) following the standard protocol with slight modifications. Glucose levels were measured in whole blood using the Free Style Flash glucose monitor (courtesy of Dr William Russell). Serum levels of insulin and glucagon were measured using a double-antibody radioimmunoassay, with all primary reagents supplied by Linco Research Inc. (St Charles, MO). Hormone levels were determined by the Vanderbilt Diabetes Center Hormone Assay Core. To perform the glucose tolerance test, 10-week-old mice were fasted for 6 h and injected i.p. with glucose at 1.5 mg/g body weight. Blood glucose levels were measured through the tail tip using the Free Style Flash glucose monitor during the indicated time course. Total plasma cholesterol and triglycerides were measured by standard enzymatic assays. Liver tissue extraction and analysis of lipids and cholesterol were performed by the Vanderbilt Mouse Metabolic Phenotyping Center (MMPC) Analytical Resources Core, as previously described (Zhu et al, 2005) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
